This paper reports experimental and analytical results of shear capacity evaluation of concrete beams reinforced by PVA short fibers. Loading tests were carried out on various reinforced concrete beams with PVA short fibers of varying types and content, shear reinforcement ratios, effective depths, and shear span-to-effective depth ratios, a/d. The analysis was carried out using the tension-softening model obtained from the material test to simulate the beam shear tests. As a result of the investigation, it was confirmed that shear capacity is improved by mixing PVA short fibers in concrete and that the increase in shear capacity is governed by fiber content and beam effective depth. Further, effective fiber behavior was confirmed in beams showing the tied-arch resisting mechanism. As a result of analysis, it was confirmed that the effect of the tension-softening model for diagonal cracks was large in beams with a small a/d, and that the effect of the shear transfer model was large in beams with a large a/d. Based on comparison with experimental results, we recommend the combination of constitutive laws in the evaluation and analysis of the shear capacity of FRC beams.
Introduction
Fiber reinforced cement composite (FRCC) is a cement based material containing short fibers that improves the mechanical performance of the material and increases the ductility of structural members. The types of FRCC are fiber reinforced concrete (FRC), strain hardening cement composite (SHCC), and ultra high strength fiber reinforced concrete (UFC) (Rokugo 2012) . FRC is normal concrete containing short fibers of steel or synthetic materials.
Although the improvement in mechanical performance yielded by FRC is less than that of SHCC, FRC characteristics are advantageous in terms of practical use from the viewpoints of production efficiency and cost effectiveness. The main improvement in the mechanical performance of FRC is increased shear capacity of reinforced concrete beams, as experimental studies performed by several research organizations have demonstrated. Based on these studies, prediction equations have been proposed for the shear design of steel fiber reinforced concrete (SFRC) mainly (Japan Society of Civil Engineers 1999 , Narayanan 1987 . However, a number of problems in the shear design of FRC have been pointed out. Uchida suggested that the present prediction equations of shear capacity evaluate experimental values on the safe side to the extreme and that numerical analysis that takes into consideration the size effect is necessary (Uchida 2012) . In a committee report on shear design (Japan Society of Civil Engineers 2012), it was suggested that the shear transfer property of diagonal cracks depends on the types of fiber. Therefore, it was considered that the shear behavior of FRC beams cannot be evaluated only based on the tension-softening property.
In contrast, lately experimental studies of SHCC and UFC have been carried out actively, and analytical studies are increasing. Studies on not only the tension-softening property but also the shear transfer property have been carried out (Fukuura 2005 , Yonezawa 2009 ). Regarding the shear behavior of FRC, there has been an experimental study on large beams (Dinh 2010) and studies on the modification of prediction equations (Yakoub 2011 , Choi 2007 . However, the literature has few analytical studies and especially few shear analyses on constitutive equations such as the shear transfer property. While Spinell performed analyses that used the parameters of the constitutive tensile law and the post-peak compressive constitutive law for SFRC, he did not focus on the shear span-to-effective depth ratio (a/d) or the shear transfer property (Spinell 2012) . An understanding of the shear behavior of FRC and evaluation of shear capacity by analysis that considers specimen sizes, loading conditions, and constitutive laws are necessary.
This paper presents the influences of experimental conditions and constitutive laws on shear capacity and shear behavior. In this study, FRC beam shear tests were carried out changing the effective depth or a/d. The re-sults confirmed that the improvement in shear capacity through the addition of fibers is affected by experimental conditions. In addition, the analysis of beam models having a/d of 2. 35-5.88 and an effective depth of 170-680 mm was performed with the parameters of tension-softening properties and shear transfer properties, and shear capacity and shear behavior were examined. Tension-softening properties were estimated from the results of the tension-softening tests. In this study, polyvinyl alcohol (PVA) short synthetic fibers were used because they moderate segregation of the materials due to their low density and freedom from corrosion (Kobayashi 1990).
Tension-softening test
Since PVA short fibers effectively control the width of cracks, a tension-softening property should be necessary to express the shear behavior of FRC beams. Therefore, tension-softening tests were carried out to investigate the tension-softening property of FRC.
Experimental procedure
Test beams were designed according to the RILEM method (RILEM 1985) . The beams were fabricated using the same concrete as that used in the corresponding beam shear test. The base concrete was produced with crushed stone having a maximum size of 20 mm. Its water-to-cement ratio was 0.53 and the target slump was 18 cm. The beam had a 100 mm by 100 mm square cross-section 840 mm in length as shown in Fig. 1 . At the mid-span of the beam, a slit (5 mm wide and 50 mm deep) was pre-installed to initiate a crack.
The beam was simply supported with a loading span of 800 mm to which three-point bending loads were applied. The displacements at the loading point and the two supports, and the crack width at the tip of the slit were measured during loading.
The test cases are summarized in Table 1 . Two types of PVA short fiber, PVA-A and PVA-B, were chosen for comparison. Their diameters and lengths were different but their mechanical properties were the same. The fundamental properties of the PVA short fiber used in the test are listed in Table 2 . Fiber content was 0.3%, 0.5%, 1.0%, and 1.5% in volume. Maximum content was fixed at 1.5% in consideration of workability and economy.
Experimental results
The tension-softening curves were obtained with the modified J-integral method (Uchida 1991 ) based on the relationship between load and crack width measured in the tension-softening test. The tension-softening curves of concrete beams with fiber content of 0 and 0.5 vol% are shown in Fig. 2 . When PVA short fiber was mixed with 0.5 vol%, tensile stress of about 0.5 N/mm 2 still remained after the crack width reached 0.2 mm, while tensile stress disappeared at the crack width of 0.2 mm in the beams without PVA short fibers. When fiber was added with 1.0 vol% and 1.5 vol%, tensile stress of about 1.0 N/mm 2 remained until the crack width reached about 3 mm.
Modeling of tension-softening curve
A simplified tension-softening curve is useful for numerical analysis. An approximation with two straight lines has been often made for simplification. In concrete without fibers, the one-fourth model has been widely used where a bending point (BP) is set at one fourth of the initial softening stress as schematically shown in Fig.  3 . In FRC, however, the one-fourth model may not be applicable as already shown in Fig. 2 . Consequently, a tension-softening curve for FRC was assumed such that the effect of the fibers can be simply shifted to that of the base concrete as shown in Fig. 3 . The crack width at the first bending-point, BP1, was 0.03 mm where the tensile stress of the base concrete became one fourth of the initial softening stress. The crack width at the second bending-point, BP2, was 0.2 mm, where the tensile stress of the base concrete became 0. The stress at BP2, σ BP (N/mm 2 ), is the bending point of the tension-softening Fig. 4 . Figure 5 shows the geometry and details of the reinforcement in A3 beams. In all beams, the width of the cross-section was identical to 250 mm, and the distance from the bottom of the beam to the main reinforcement was 60 mm. End plates 10 mm thick were prepared for both ends of the beam to prevent failure at the anchorage. A1, A2, and A3 beams had different stirrups intervals. The A1 beams had no stirrups, while the stirrups of the A2 and A3 beams were arranged at 300 mm and 150 mm intervals, respectively. The diameter of the stirrups was 6 mm. The yield strengths of the stirrups were 312 N/mm 2 or 363 N/mm 2 . A1, B1, C1, and D1 beams having different effective depths were investigated to determine their effect on shear capacity. The kind of main reinforcement was selected so that the tension reinforcement ratio was almost the same across all beams. In addition, high strength steel reinforcement (yield strength: 751 N/mm 2 ) was used for the main reinforcement in four beams to avoid flexural failure. The A1, E1, and F1 beams differed in a/d.
The loading model and instrumentation are illustrated in Fig. 5 . The distance of the loading points was 500 mm. The width of the plate at the supports and at the loading points was 100 mm. The monotonically increasing load was applied until the beam reached its ultimate state. During the test, displacement, applied load, and strain on the reinforcement were measured and recorded.
Failure Process
Four beams, A2-15, A3-1, A3-15, and D1-1, showed flexural failure, while the remaining 16 beams failed in shear. These differences in the mode of failure were caused by increased shear capacity due to the added PVA short fibers. Figure 6 shows the crack formation of A1-0, A1-05, A1-1, E1-1H, and F1-1H. In the A1 beams, flexural cracks occurred first, then a diagonal tension crack started at point A. The diagonal tension crack reached the compression zone at point B. Finally, the beam failed with penetration of the diagonal crack at point D. In E1-1H and F1-1H, diagonal tension cracks penetrated to point D immediately after initiation.
Shear Capacity
When an RC beam having stirrups fails in shear, the maximum load is generally estimated by Eq. (1). Equation (2) is the shear capacity carried by shear reinforcement, which is obtained from the truss analogy model (Tanabe 1996) . Equation (3) is the shear capacity carried by concrete (Niwa 1986 ). These equations have been applied to ordinary reinforced concrete beams. The experimental and calculated shear capacities are listed in Table 3 . 
where a is the shear span (mm), d is the effective depth (mm), b w is the width of web (mm), s s is the interval of stirrups (mm), z is the length between resulting compression and tension forces (mm), A s is the area of main reinforcement (mm 2 ), A w is the area of stirrup (mm 2 ), f' c is the compressive strength of concrete (N/mm 2 ), and f wy is the yield strength of stirrup (N/mm 2 ). Figure 7 shows load-displacement curves of A1-0, A1-05, A1-1, E1-1H, and F1-1H. The maximum load applied of A1-0 was almost the same as the calculated one, and those of A1-05 and A1-1 were 1.20 and 1.57 times as large as the calculated maximum loads, respectively. In A1 beams, the occurrence of diagonal cracks did not lead to failure directly. In A1-05 and A1-1 with fibers, the load increased after diagonal tension cracking. Therefore, it was considered that the shear resisting mechanism of A1 beams is based on the tied-arch resisting mechanism, because the failure process of A1 beams was similar to that of ordinary reinforced concrete deep beams. On the other hand, the maximum loads of E1-1H and F1-1H were almost the same as the respective calculated loads regardless of adding fibers with 1.0 vol%. This was because these beams failed as a result of diagonal tension cracks. Figure 8 shows the effect of effective depth on the shear strengths of beams. The shear strength was obtained from the shear capacity divided by the effective cross-sectional area. Shear strengths calculated by Eqs.
Influences of specimen sizes and loading condition
(3) and (4) are also plotted in this figure. Equation (4) was proposed by Niwa (Niwa 1983) to calculate the shear capacity of reinforced concrete beams showing the tied-arch resisting mechanism. 
where r is the width of the support plate (mm). The experimental shear strengths decreased with increases in effective depth. The shear strength was reduced by almost half when the effective depth increased from 340 mm to 680 mm. The differences between the experimental results and the ones calculated by Eq. (3) became small with the increase in effective depth. Therefore, it was confirmed that improvement of shear strength by adding fibers significantly depends on the effective depth. Figure 9 shows the relationship between a/d and the shear strengths of A1-0, A1-05, A1-1, E1-1H, and F1-1H. The experimental shear strengths were larger than the ones calculated by Eq. (3). These differences became small when a/d was 4.41 and 5.88. As the result of comparison, it was confirmed that improvement of shear capacity by adding fibers is significantly affected by a/d. The experimental tendency of reduction in shear strength with increases in a/d was similar to the results given by Eq. (4) rather than Eq. (3). Therefore, Eq. (4) was considered to be applicable to the evaluation of the shear capacity of FRC beams.
Proposed equation
In beams showing the tied-arch resisting mechanism, short fibers can transfer tensile stress along the arch-tie together with main reinforcement. Consequently, short fibers can suppress opening of diagonal tension cracks, delaying failure of the arch rib. Based on the experimentally observed role of short fibers, the effect of fibers on the shear capacity of beams may be similar to that of main reinforcement. The short fibers may transfer shear stress, but in this examination, the authors considered that the transmission of principal stress is a main factor of increased shear capacity. To evaluate the shear capacity of FRC beams, Eq. (4) was improved so that it agrees well with the experimental results, as the experimentally observed effect of adding fibers on the shear capacity of beams was significant in the case of a smaller a/d.
The investigation found shear capacity to be expressed by the following equation using the effective depth and the stress difference in tension-softening models:
where V c0 is the shear capacity carried by concrete without fibers calculated by Eq. (4) (kN). σ BP -σ BP0 expresses the tensile stress that only fibers carry, as described in section 2.3. The shear strengths calculated by Eq. (5) of PVA short fibers are also shown in Figs. 8 and 9 . The results of Eq. (5) were confirmed to agree well with the experimental results of a/d=2.94 except for D1-1. Furthermore, for the difference in the mode of failure, Eq. (5) was confirmed to be applicable to beams having a/d=4.1 or smaller in comparison with the results of Eq. (3). The experimental results of beams having a/d of 4.41 and 5.88 were almost the same as the results calculated by Eq. (3). Accordingly, it was considered that in beams with a/d>4.1, the effect of fibers hardly appeared in the shear capacity.
The accuracy of Eq. (5) was verified. The verification, made by the shear capacity ratio, established that experimental shear capacity is divided by the shear capacity calculated by Eq. (5). The relationship between the effective depth and shear capacity ratio is shown in Fig. 10 . The average shear capacity ratio was 0.97 and its coefficient of variation was 8.0%.
It was confirmed that the improvement of shear strength by adding fibers is affected by the effective depth or a/d with change of the fracture mode. The improvement effect depends on the stress transfer of short fibers on the diagonal crack surface. To clarify the relationship between stress transfer and effective depth or a/d, analytical examination that focused on normal stress or shear stress acting on diagonal crack surfaces was carried out. In the analysis, normal stress on diagonal crack is expressed by a tension-softening property, and shear stress is expressed by a shear transfer property.
Procedure of numerical analysis
To clarify the influences of the tension-softening property and the shear transfer property on shear behavior and shear capacity of FRC beams, numerical analyses were carried out. The analyses simulated the shear test of RC beams by using the two properties as parameters of numerical analysis.
Analytical model
A two-dimensional FEM program was used for the analysis (Japan Society of Civil Engineers 2003, Research Center of Computational Mechanics 2004). Due to the symmetry, a half model was used as the analytical model of test specimens, as shown in Fig. 11 . Steel material elements 50 mm high simulating loading plates were set at the loading point and supporting point. The axis of the span center was fixed to the X direction, and the loading point and supporting point were fixed to the Y direction. Loading was conducted by applied displacement of the loading point. The concrete was modeled into an element 50 mm square. 
Constitutive laws of concrete
The result of analysis of FRC is affected by stress transfer properties between crack surfaces. In this analysis, to express the stress transfer properties of FRC, the tension-softening property and shear transfer property were chosen as parameters.
Cracks in concrete were expressed with the smeared crack model. The behavior of the smeared crack was expressed by the fixed crack model such that the crack direction is set by the orthogonal direction of tensile principal stress at the time of crack occurrence.
(1) Tension-softening property Modeling of the tension-softening curve was described in section 2.3. In investigating the influence of the tension-softening properties, the following two models of Fig. 3 were applied to the analyses: the one-fourth model for normal concrete and the stress remaining model for FRC. The tension softening model of FRC for analysis is shown in Fig. 12. (2) Shear transfer property The shear force in the experiment was resisted by the tied-arch mechanism when a/d of beam was less than 2.94. In RC beams without stirrups, shear force is generally resisted by compressive concrete, interlocking on the crack surface, and dowel action of the main reinforcements (Tanabe 1996) . In beams showing a tied-arch resisting mechanism, the sliding displacement on diagonal cracks is smaller than the crack-opening displacement. When the sliding displacement is small, it is considered that the shear force supported by the interlocking and the dowel action is small and that the effect of shear transfer is small. Therefore, the model without shear transfer was chosen to investigate the effect of only the tension-softening model. The following two models of Fig. 13 were applied to the analyses: Kolmar's model for normal concrete and the model without shear transfer (γ g =0).
Shear stiffness G of the crack model consists of initial shear coefficient G c and crack shear stiffness factor γ g , as shown in Fig. 13 . In Kolmar's model, the crack shear stiffness factor γ g is reduced using a natural logarithm with strain increased in the principal stress direction.
(3) Other properties Other element properties are listed in Table 4 . The constitutive laws of concrete and reinforcement are shown in Fig. 14. The result of tensile strength tests of reinforcements (D25) is shown in Fig. 14 . Ultimate compression strain ε cu was set in consideration of compression fracture energy (Ito 2006) . The ε cu of normal concrete was 0.083 and the ε cu of FRC was 0.144.
Analytical cases
As mentioned earlier, two models were applied to express the tension-softening property of diagonal cracks, and two models were applied to express the shear transfer property of diagonal cracks. In this analysis, through multiplication by these models, four sets of analysis parameters were defined as listed in Table 5 . The fea- tures of the analysis parameters can be identified by a case name such as 'Nu0-A'. On the other hand, eight test conditions were applied as listed in Table 6 . In this analysis, through multiplication by the analysis parameters and test conditions, analyses were performed with 32 cases. The cases without beam shear tests were carried out to supplement the experimental values and confirm the tendency of the analytical values.
Results of numerical analysis
The analytical results were obtained with the four analytical parameters. Mainly, the results of A1-0, A1-1, and F1-1H were compared.
Crack formation
Crack formations and stress distributions obtained from experiments and analyses are shown in Fig. 15 . In the explanatory notes for Fig. 15 , 'Ex0' refers to the experimental results of fiber contents 0.0 vol%, and 'Ex1' refers to the experimental results of fiber content 1.0 vol%. These figures were obtained when load decreased just after maximum load. The cracks in the analytical results display widths of more than 0.1mm at the maximum load. The crack width in the analysis is expressed by the width of the line. The stress expresses x-direction distribution. The analytical flexural cracks were similar to the experimental ones in all cases. In A1 beams, the position of the diagonal cracks of Nu0-A or Nu1-A agreed well with the experiment. The cracks along the main reinforcement of Nu0-B or Nu1-B also agreed well with the experiment.
The fracture process of the analysis was similar to that of the experiment. When the strain of the compression edge exceeded its ultimate state, the load decreased and the test beam was fractured. As an influence of shear transfer in the analysis, when shear transfer was zero, diagonal cracks along the main reinforcement formed easily, like in Fig. 15 . By these cracks, concrete strain at the center of the shear span did not grow large; thus the diagonal cracks, which did not disperse there, were concentrated near the loading point. Furthermore, the compression region between the loading point and supporting point became small. As a result, the failure loads of Nu0-B or Nu1-B were lower than the values of Nu0-A or Nu1-A, because the compression failure region was concentrated under the loading point due to large diagonal cracks. 
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Load-displacement relationship
Load-displacement curves are shown in Fig. 16 . The initial stiffness until the load of 100kN in all cases was almost the same as the experimental result. In Fig. 16 (a) , the maximum load of each case was slightly larger than the experimental result. In Fig. 16 (b) , the maximum load of Nu1-B was almost the same as the experimental result. In Fig. 16 (c) , although the stiffness until displacement 10 mm of Nu1-B was almost the same as the experimental result, it was slightly less when displacement exceeded 10 mm. The stiffness of Nu1-A was almost the same as the experimental result, but the maximum load was larger.
Comparison of maximum load
The maximum loads in each case are shown in Fig. 17 . In the case of Nu1-B, the analytical values agreed well with the experimental ones except for C1-1. In the case of Nu1-A, all analytical values were larger than the experimental values.
Influence of specimen size, loading condition, and diagonal crack model
This section focuses on the influences of specimen size, loading condition, and diagonal crack model on shear strength. Figure 18 shows the relationship between shear strength and effective depth. The shear strengths of Nu0-B without fibers agreed well with the calculation with Eq. (3). When the effective depth was 340 mm, the shear strength of Nu1-B with fibers was similar to the experimental result. However, when the effective depth was 510 mm and 680 mm, the analytical values were larger than the corresponding experimental results.
Effective depth
In the experiment of B1-1 or C1-1, although several diagonal cracks occurred, the expansion of the crack width occurred in only one diagonal crack at the ultimate state. By widening one crack, compressive stress was concentrated in the compression edge. As a result, even when the load was relatively low, failure of the arch rib occurred. In the analyses of B1-1 and C1-1, the diagonal cracks were dispersed and compressive stress was not notably concentrated. Therefore, it was considered that the tied arch resisting mechanism was kept until higher loading.
On the other hand, it was thought that this factor was also influenced by decreased bond strength of the reinforcement caused by bond cracking of concrete in the experimental investigation. In the analysis, bond strength did not decrease using the embedded rebar element and bond element. Figure 19 shows the relationship between the shear strength and the shear span to effective depth ratio (a/d). The analytical results of Nu1-B agreed well with the experimental results. However, the values of Nu1-A were slightly larger than the experimental ones.
Shear span to effective depth ratio (a/d)
The tendency of Nu0-B of normal concrete was similar to that of Nu1-B. The value of Nu0-B in the beam with a/d=2.94 agreed well with the experimental value. The value of Nu0-B in the beam with a/d=5.88 was half the value of Eq. (3) for normal concrete, while the values of Nu0-A were slightly larger than the ones calculated by Eq. (3).
Diagonal crack models
The relationship between shear strength and crack width is explained using regions [1] to [5] Figs. 20 (a) and (c) , the differences in the shear strengths of Nu0-A and Nu0-B were small. It was considered that stress of the shear transfer model became zero at low load levels because the crack width grew large through the size effect, as shown in Fig. 20 (e) .
In region [2], the differences in shear strengths of Nu1-A and Nu1-B were large at about 0.7N/mm 2 . It was considered that the shear stiffness became dominant because the crack width of Nu1-A was small due to the addition of fiber. (d) , the differences of numerical methods A and B were small and the differences of with and without fibers were large. When a/d was less than 2.5, diagonal cracks were localized and became wider, as shown in Fig. 20 (f) . Then the crack width exceeded the limit width of the shear transfer model, and the influence of the shear transfer model became small. In contrast, adding fibers avoided fracture of the arch rib, and the shear strength of Nu1-A and Nu1-B grew large. Accordingly, the effect of the tension-softening model was dominant in beams with a small a/d.
In region [5], the differences of numerical methods A and B were large, and the differences of adding fibers were small. When a/d was around 6, numerous flexural cracks occurred. The flexural cracks were directed parallel to the load direction, and the sliding deformation was larger than crack-opening deformation. In addition, diagonal cracks were dispersed because they started from the flexural cracks. As a result, because the widths of diagonal cracks were small, as shown in Fig. 20 (f) , the shear transfer model was dominant in shear strength. Accordingly, the effect of the shear transfer model was In region [4] , both the differences of numerical method and of adding fibers were large. The effects of the shear transfer model and tension-softening model were pronounced because the diagonal cracks were dispersed and small.
Constitutive laws for FRC
In Nu0-A using Kolmar's model, the shear strengths of FRC beams were estimated correctly, because the shear stiffness decreased appropriately. In Nu1-A with fiber added, all analytical results were larger than experimental results. In Nu1-A, the cracks were dispersed by fiber adding, and the shear stiffness did not decrease in contrast to the experiment. Larger shear strength might be estimated if the tension-softening model of FRC and shear transfer model of Kolmar together were used.
The investigations confirmed that the use of the stress remaining model as a tension-softening model and model without shear transfer was suitable for analysis of FRC. Accordingly, the shear capacity of the FRC beam will be appropriately evaluated by analysis, when these constitutive laws of diagonal cracking are applied, unless the effective depth is large as in experimental case C1-1. In the case of beams with large effective depths, verification of experimental results and improvement of the crack model such as the un-continuation rotation crack model (Japan Society of Civil Engineers 2003) are necessary.
Conclusions
1) It was confirmed that adding PVA short fibers to concrete improves the shear capacity of concrete beams remarkably. The shear capacity increased with the increase in fiber content, which was affected by the effective depth, a/d, and fiber type. 2) An equation was proposed to calculate the shear capacity of FRC beams. The proposed equation was obtained by improving the existing equation considering the effect of effective depth and bending-point stress in a tension-softening curve. 3) It was confirmed that the effect of the tension-softening model of analysis was significant in beams with a/d of less than 2.5, and that the effect of the shear transfer model was significant in beams with a/d greater than 6.0. 4) The combination of constitutive laws of diagonal cracking is recommended to evaluate the shear capacity of FRC beams in the analysis. As the constitutive laws, the use of the stress remaining model for the tension-softening property and the model without shear transfer as a shear property was suitable, unless the effective depth was large.
